Highly variant histones are targeted to specialized chromatin domains, such as the centromere where they have an essential role in the segregation of sister chromatids at mitosis.
The eukaryotic chromosome is a highly differentiated structure. Every chromosome contains a series of specialized chromatin domains, each with specialized functions. Transcriptionally active and transcriptionally repressed chromatin, inert heterochromatin, the telomeres and the centromere all have distinct sets of associated proteins. The only unifying feature of these structures is that they all contain DNA and core histones. The packaging of DNA into nucleosomes by the core histones has long been thought of as an invariant and reassuringly monotonous feature of the eukaryotic chromosome. Recent experiments on the organization and function of the centromere are challenging this view.
There are highly specialized histone proteins that localize uniquely to the centromere -the specialized region of a chromosome to which the kinetochore attaches to mediate sister-chromatid segregation at mitosis -where they assemble into specific nucleosomal structures that are essential for centromeric functions [1, 2] . This example of histone targeting shows that the nucleosome itself can be a variant feature of chromosomal architecture. Molecular mechanisms clearly exist within the nucleus to assemble differentiated chromatin structures on particular DNA sequences. This observation has important regulatory implications.
The core histones are among the most invariant of proteins. Between humans and the yeast Saccharomyces cerevisiae, histone H3 differs in only 15 amino acids out of 135, and histone H4 in only 8 amino acids out of 102. This extensive conservation extends not only over the structured histone-fold domains that are engaged in heterodimerization and in wrapping of DNA [3] , but also over the amino-terminal domains, which lie outside of the DNA wraps. This evolutionary conservation suggests that the amino-terminal tails must have essential functions, and there has been much speculation about what these may be.
The results of genetic experiments in which the sequences of the amino-terminal tails of core histones were altered indicate that the tails play a part in regulating the transcriptional activation or repression of specific genes [4] . Post-translational modifications of these tail domains also influence transcription-factor access to nucleosomal DNA [5] . Thus, the tail domains may serve a regulatory role in modulating the structure of chromatin. An unresolved question is how such modifications are targeted to particular DNA sequences of regulatory significance. Nucleosomes are positioned with respect to regulatory DNA sequences, yet the mechanisms that target the modification of a particular histone remain unknown. Studies on the assembly of histone variants into centromeric chromatin provide insights into this problem.
Centromeric chromatin provides an excellent example of a highly specialized chromosomal domain. In fact, nucleosome positioning with respect to DNA sequence was discovered on the (x-satellite DNA associated with primate centromeres [6] . The basic repeating unit of oa-satellite DNA is 171 base pairs (bp) in length and occurs in arrays up to 3 x 106 bp long. Each repeat is assembled into a single nucleosome, together with the HMG I/Y protein [7] . Subsequent work has characterized the association of oa-satellite DNA with other centromere specific proteins: CENP-A, CENP-B and CENP-C.
CENP-C and CENP-B are both large, hydrophilic proteins that have the capacity to bind to DNA. CENP-B binds specifically to a sequence present in a subset of x-satellite repeats. This association appears to regulate the higher-order folding of centromeric chromatin. CENP-A is a specific variant of histone H3 [1] ; it possesses significant sequence identity over the structured histone-fold domain of histone H3, yet has an almost completely divergent amino-terminal tail domain (Fig. 1) . In earlier work, CENP-A was found to co-purify with nucleosomal core particles and to have biochemical properties consistent with it being a histone [8, 9] . This biochemical work in mammals has been complemented by genetic analysis of chromatid segregation in yeast.
Genetic studies of sister-chromatid segregation at mitosis in S. cerevisiae [2] identified a missegregation mutation, cse4-1, that increased the non-disjunction frequency of a chromosome bearing a mutant centromeric DNA sequence. The wild-type gene CSE4 is essential for normal cell division and appears to encode the S. cerevisiae homolog of human CENP-A. The histone-fold domain of CSE4 has many of the same sequence differences with respect to histone H3 as CENP-A, while retaining extensive identity in the histone-fold domain. Thus, it appears likely that CSE4 has the same structural role in the S. cerevisiae centromere as CENP-A has in the human centromere.
The amino-terminal tail domains of CSE4 and CENP-A do not show any significant sequence similarity, which may explain why CSE4 does not localize to the human centromere, and why CENP-A will not rescue cse4 mutants (see discussion in [2] ). Presumably the divergent amino-terminal tail domains of CENP-A and CSE4 interact specifically with other human or yeast proteins on the outside of the nucleosome (Fig. 2) . As CENP-B and CENP-C homologs have not yet been discovered in S. cerevisiae, the centromere-specific proteins may have diverged extensively between yeast and man, with the exception of their histone-fold domains. Alternatively, as the centromeric DNA sequence has also diverged extensively between S. cerevisiae and man, the differences between the histone-fold domains in CENP-A and CSE4 may confer different DNA-binding specificities, which may prevent their localization to centromeres in the heterologous species.
Why have such a divergent histone H3 variant at the centromere? It appears that both CENP-A and CSE4 retain the capacity to heterodimerize with histone H4. Thus, in centromeric nucleosomes, CENP-A and CSE4 probably replace histone H3 within the histone tetramer (H3/H4) 2 . This tetramer is the central structure within the nucleosome; H3 and H4 are the first histones to be sequestered onto DNA during nucleosome assembly in vivo, and it is not until 120 bp of DNA is wrapped around the tetramer that two (H2A/H2B) heterodimers can associate. The (H3/H4) 2 tetramer recognizes nucleosome-positioning signals intrinsic to the DNA structure, and interacts via the H3 and H4 amino-terminal tails with other proteins that might direct nucleosome positioning [4, 10] .
The histone-fold domain of CENP-A that probably directs heterodimerization with H4 is also the domain that targets these proteins to the centromere, either by making direct, sequence-specific contacts with or-satellite DNA, or by interacting with a sequence-or structurespecific protein -such as HMG I/Y, CENP-B or CENP-C -that might indirectly recruit CENP-A. Thus, it is possible that CENP-A and CSE4 have diverged from normal histone H3 as a result of their selective localization to, and specific functions in, the centromere. This specialization may have relaxed the constraints on structure necessary for the general packaging of DNA by the core histones.
CENP-A and CSE-4 may selectively recognize centromeric DNA and organize the path of the DNA molecule so that specific higher-order complexes can be assembled that include HMG I/Y, CENP-B and CENP-C. Thus, a specialized nucleosome would provide the structural foundation for human and yeast kinetochores [11] . By implication, the introduction of a particular set of histone modifications into the amino-terminal tails of the normal core histones may also target to particular specialized chromatin domains of the chromosome these histones or other proteins, which then function in transcriptional activation, repression or heterochromatin assembly.
Although CENP-A and CSE4 are perhaps the most deviant of the core histone variants yet known, many other interesting examples exist. For example, H2AvD is an evolutionarily conserved variant of histone H2A that is essential for Drosophila development [12] . This particular H2A variant associates preferentially with actively transcribed chromatin [13] , and has an aminoterminal tail domain resembling that of histone H4. Post-translational modifications are more extensive on the H2AvD variant than on normal H2A. Other variants of histone H2A have extensions at the carboxyl terminus that extend beyond the histone-fold domain. The most of extreme of these is in macro H2A (Figs 1 and 2; [14] ). Although the function of macro H2A is not yet known, its carboxy-terminal domain contains a leucine zipper, a dimerization motif often found in transcription factors. One possible role for macro H2A is to interact with a sequence-specific DNA-binding protein and thereby direct the specific positioning of nucleosomes. In this respect, the function of the carboxy-terminal tail of macro H2A may resemble that of CENP-A and CSE4 in tethering a specific nucleosomal structure to a non-histone protein.
The common theme that emerges from these studies on histone variants is the existence of different types of nucleosome with specialized functions. Specialized histones are targeted to the centromere, where they are essential for chromosome segregation. Other specialized histones exist that are essential for development. Clearly, the basic architecture of histones and the nucleosome is useful in chromatin and chromosome assembly. However, nucleosomes are not invariant: not only are variant core histones included, but histones with different posttranslational modifications can be assembled into the same structural framework. The consequences of deviating from the norm are clearly useful to the cell. Our understanding of regulated processes within chromatin will benefit from the recognition that specialized chromatin structures exist. What might appear superficially as a monotonous, fundamental repeating subunit of chromatin, actually disguises the fact that nucleosomes have a fascinating variety of form and function.
